pression of pyruvate dehydrog enase kinase 4 (PDK4), suggesting regulation of fatty acid oxidation. Blockade of fatty acid oxidation with etomoxir, an O-carnitine palmitoyltransferase-1 inhibitor, blocks the sNAG-dependent increased oxygen consumption. 3 H-palmitate uptake experiments indicate a PDK4-dependent increase in fatty acid oxidation, which is required for nanofiber-induced cell motility. Conclusions: Our findings imply a linear pathway whereby an integrin-dependent activation of Akt1 leads to increased PGC-1 ␣ and PDK4 expression resulting in increased energy production by fatty acid oxidation.
Introduction
Increased angiogenesis is a hallmark of cutaneous wound healing and is necessary to support new tissue formation [1] . VEGF production is strongly upregulated in wound healing via secretion by activated macrophage and keratinocytes working together to stimulate new capillary production within the wounded area. Impairment of new vessel formation results in decreased wound healing abilities [2] [3] [4] . Concentrated efforts have been made to increase vascularization for tissue regeneration and the repair of chronic, nonhealing ischemic wounds [5] . New therapies using recombinant growth factors or vascular progenitor cells to foster the formation of new blood vessels have been proposed, some of which are currently in phase II/III trials [6, 7] .
The isolation and formulation of highly pure and homogenous poly-N-acetyl glucosamine nanofibers i.e. short-fiber poly-N-acetyl glucosamine nanofibers (sNAGs) from a marine diatom are currently used as a hemostatic agent in the clinical arena [8, 9] , fully activating platelets via an integrin-dependent mechanism [10] . Importantly, platelet activation by sNAGs is mediated by their association with integrin ␤ 3 and activation of integrin-mediated signaling [11] . Indeed, these nanofibers have been shown to specifically bind integrins in pulldown assays [11] . Recent findings show that the treatment of cutaneous wounds with sNAG-derived membranes results in increased kinetics of wound healing that can be attributed, in part, to a marked increase in angiogenesis [12, 13] . We have shown that sNAG treatment stimulates wound integrin-dependent signaling pathways that result in increased endothelial cell motility [12, 14] . Together these findings suggest that sNAGs promote wound healing and angiogenesis via the stimulation of outsidein integrin signal transduction.
Angiogenesis is a highly anabolic process, requiring higher bioenergetics and ATP input than quiescent tissues. Indeed, stimulation of endothelial cells with sNAGs results in increased metabolic activity in the absence of cell proliferation, suggesting that sNAG stimulation of integrin-mediated signal transduction increases mitochondrial function and energy production. Mitochondrial oxidative metabolism and respiration capacity is controlled by a coordinated transcriptional program induced in response to high energy demands such as exercise, fasting and exposure to the cold. A key player in this transcriptional program is the peroxisome proliferator-activated receptor ␥ coactivator-1 (PGC-1). PGC-1 ␣ (PPAR ␥ coactivator ␣ ) is a transcriptional coactivator responsible for the transcriptional control of genes involved in mitochondrial biogenesis and oxidative metabolism, acting both upstream and in consort with nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2) [15] [16] [17] . Overexpression of PGC-1 ␣ results in the increased expression of both mitochondrial and nuclear-encoded mitochondrial genes [18, 19] . PGC-1 ␣ also regulates those genes involved in fatty acid catabolism through the coactivation of the PPARs and ERR ␣ . PGC-1 ␣ has specific functions in different tissues. For example, in the liver, it regulates gluconeogenesis via the induction of phosphoenol pyruvate carboxykinase and glucose-6-phosphatase, and in skeletal muscle, it promotes glucose uptake. PGC-1 ␣ is therefore thought to be a central regulator of bioenergetic functions.
Several signaling pathways have been implicated in the regulation of PGC-1 ␣ activity [20] . In response to contractile activity in muscle, calcium-mediated signal transduction leads to increased mitochondrial biogenesis through a CaMK-dependent increase in PGC-1 ␣ expression [21, 22] . It is well documented that cAMP-dependent/responsive element-binding (CREB) protein activation resulting from cold or fasting causes an upregulation of PGC-1 ␣ expression. In addition to changes in expression, PGC-1 ␣ activity can also be controlled by phosphorylation via p38 MAP kinase activation [23] and by acetylation [24] . We have shown that Akt3 controls the nuclear localization of PGC-1 ␣ and thus its downstream regulation of genes controlling mitochondrial biogenesis [25] .
Here, we show that sNAG stimulation of primary endothelial cells results in increased oxygen consumption in primary endothelial cells that can be attributed to an integrin-dependent upregulation of PGC-1 ␣ by a pathway that is Akt1-dependent. The increased expression of PGC-1 ␣ does not result in an increase in mitochondrial biogenesis. Instead, integrin activation of the Akt1/PGC-1 pathway results in an increase in fatty acid oxidation via the regulation of pyruvate dehydrogenase kinase 4 (PDK4). Our findings suggest a linear pathway whereby an integrin-dependent activation of Akt1 via sNAG stimulation leads to increased PGC-1 ␣ and PDK4 expression, resulting in an increase in energy production by increased fatty acid oxidation which is required for endothelial cell motility.
Materials and Methods

Tissue Culture, Growth Factors and Drugs
Pooled, multiple-donor human umbilical vein endothelial cells (HUVEC; Lonza) were maintained at 37 ° C with 5% CO 2 in endothelial basal medium 2 (Lonza) supplemented with EGM-2 SingleQuots as described by Cambrex procedures. Serum starvation was performed at 80-90% confluency in RPMI1640 supplemented with 0.1% fetal calf serum (Valley Biomedical) for 24 h, followed by stimulation with highly purified pGlcNAc nanofibers in sterile water (Marine Polymer Technologies, Inc., Danvers, Mass., USA) with the amounts and times indicated in the text. For wortmannin (100 n M ) or PD098059 (50 M ) treatment, serumstarved cells were pretreated for 30 min prior to pGlcNAc nano-fiber (i.e. sNAG) stimulation. For integrin blocking experiments, serum-starved cells were pretreated with antibody for 30 min prior to stimulation with pGlcNAc nanofibers. The pGlcNAc diatom-derived nanofibers used in this study are short biodegradable fibers derived from a native, longer form, and have an average length of 4-7 m and a polymer molecular weight of approximately 60,000 Da.
Lentiviral Infection
Mission shRNA lentiviral constructs directed against Akt1 were purchased from Sigma/Aldrich. A scrambled pLKO.1 shRNA vector was purchased from Addgene. Lentiviruses were propagated in 293T cells, maintained in DMEM supplemented as above. Lentiviral production was performed using psPAX2 and pMD2.G packaging vectors purchased from Addgene using their protocol for producing lentiviral particles. For the infection of target cells, 7.5 ! 10 5 cells were plated on 100-mm 2 plates and allowed to incubate overnight. The next day, cells were infected using a final concentration of 1 g/ml polybrene and either scrambled control or Akt1 shRNA lentiviruses. All infections were monitored for appropriate knockdown by RT-PCR.
Measurements of O 2 Consumption
A Seahorse Bioscience XF24 instrument was used to measure the rate of change of dissolved O 2 and pH in medium immediately surrounding HUVEC cultured in 24-well plates. Measurements were performed using a cartridge where 24 optical fluorescent O 2 and pH sensors are configured as individual well 'plungers'. For measurements of rates, the plungers gently descended into the wells, forming a transient chamber that entraps the cells in approximately 7 l volume. The rates of O 2 concentration and extracellular acidification were obtained from the slopes of concentration changes versus time measured during serial 90-second plunge periods that were followed by 60-second mix and 60-second wait periods. Various metabolic inhibitors were added via automatic injectors followed by periods of 60 s of mixing and 60 s of waiting.
3 H-Palmitate Uptake Assays HUVEC were plated in 24-well plates, serum starved or treated with sNAG (50 g/ml) overnight. Media were replaced with media plus 0.1% FFA-free BSA with 5 Ci 3 H-9,10-palmitate/1 l and 0.15 m M palmitate and allowed to incubate for 60 min. Seventy-five microliters from each well were placed into a 0.5-ml microcentrifuge tube contained within a scintillation vial which was loaded with 75 l of deionized water. The scintillation vials were tightly capped and incubated at 37 ° C overnight to equilibrate the 3 HOH in the media aliquot with the water in the microfuge tube. After equilibration, the microfuge tubes were removed and the cpm in the remaining 75 l in the scintillation vial were counted using a Packard Tri-Carb 2900TR scintillation vial. Each assay was performed in quadruplicate.
Proliferation Assays
For cellular proliferation/viability assessment, two different assays were used; trypan blue exclusion by direct cell counts using a hemacytometer and by a MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide) assay in procedures described by the manufacturer (Promega). Transfection HUVEC were transfected using the Amaxa nucleofector system in procedures described by the manufacturer, obtaining transfection efficiencies of up to 80%. All transfections were monitored by the expression of green fluorescent protein (GFP) using a GFP expression vector pFP-C1 (Clontech) or a GFP-directed RNAi (Amaxa). RNAi directed against Akt3, integrin-linked kinase 1 (ILK1) and PDK4 and scrambled control were purchased from Santa Cruz Biotechnologies and used at empirically determined amounts.
Cell Migration Assays
For modified transwell assays, transfected or untransfected HUVEC were plated onto 8 m-pore size invasion chambers precoated with fibronectin at 20 g/ l (Sigma), 5 ! 10 4 cells per chamber in 500 l of serum starvation media and 500 l of starvation media were added to the well. sNAGs (50 g/ml) were added to the upper chamber. Cells were incubated for 12 h at 37 ° C in the presence of 5% CO 2 . Cells that did not migrate were removed by wiping the top of each membrane with a cotton swab. The migrated cells were fixed in methanol for 10 min and stained with 0.1 g/ml ethiduim bromide in PBS. Migrated cells were counted using a Leica fluorescent microscope. Each assay was performed at least 3 times, each time in triplicate, and at least 6 fields per transwell were counted.
Antibodies, Western Blot and Kinase Analyses
The antibodies used for Western blot analysis were as follows: anti-p85 subunit of PI3K and Oxphos antibody (Upstate Biotechnology), phosphospecific Akt antibody (Cell Signaling Technologies). For kinase assays, a nonradioactive Akt kinase kit from Cell Signaling Technologies was used. Briefly, Akt1 was immunoprecipitated from serum-starved or sNAG-treated HUVEC using an Akt1 antibody (Santa Cruz) and incubated with a mixture containing the substrate, glycogen synthase kinase-3 (GSK). After incubation, Western blot analyses were performed using an antibody directed against phosphorylated GSK (p-GSK). Anti-ILK1 antibodies were purchased from Millipore and anti-PGC-1 antibodies were obtained from Calbiochem. For integrin blocking experiments, cells were pretreated for 30 min prior to sNAG stimulation using blocking antibodies directed against integrin ␣ 5 ␤ 1 and ␤ 1 which were purchased from Chemicon.
Reverse Transcription Polymerase Chain Reaction
For semi-quantitative RT-PCR, RNA was extracted with RNAsol (Teltest, Inc.) following manufacturer's instructions. cDNA was synthesized from 2 g total RNA with a Superscript First Strand Synthesis kit (Invitrogen) using Oligo (dT), following the manufacturer's instructions. PCR reactions contained equal amounts of cDNA and 1.25 M of the appropriate primer pair (Sigma-Proligo, St. Louis, Mo., USA). All primer sequences used in these analyses were as follows: Akt1 forward 5 GAGGCC-GTCAGCCACAGTCTG 3 and reverse 5 ATGAGCGACGTG- The cycle number was empirically determined to be within the linear range of the assay for each primer pair used. All semiquantitative RT-PCR was performed in tandem with hypoxanthine-guanine phosphoribosyltransferase (HPRT) or the ribosomal protein subunit S26 primers as internal controls. Products were run on 1-1.5% (based on product size) agarose gels and visualized on a BioRad Molecular Imaging System (Hercules, Calif., USA).
Real-time PCR was performed using a Brilliant SYBR green QPCR kit in combination with an Mx3000P Real-Time PCR System, both purchased from Stratagene. Internal control primers that detect S26 were used. Real-time PCR was performed at least 3 times, each time in triplicate.
Microarray Analyses
To identify genes that are regulated by sNAG treatment, gene expression profiles were generated comparing untreated HUVEC and those treated with 10 g/ml sNAGs for 5 h. Microarray data was generated using 28K whole genome microarrays and a statistical comparison was performed using the GeneSpring GX 7.3.1 software suite. Confirmation of the microarray data was performed using an ABI Prism 7000 for real-time PCR.
Statistical Analyses
Each quantitative experiment was performed at least 3 times, each time in triplicate. All statistical analyses were performed using Microsoft Excel to calculate means, standard deviations, and Student t tests.
Results
Integrin Stimulation by sNAG Treatment Increases Metabolic Rate
Our previously published findings show that sNAG treatment of HUVEC results in integrin stimulation of Ets1 expression and that Ets1 is required for motility. To test whether the nanofibers affected HUVEC proliferation, sNAG-treated HUVEC were subjected to MTT assays. Figure 1 a shows that treating of serum-starved HU-VEC overnight with 2 concentrations of sNAGs resulted in a 3.5-fold increase in the conversion of MTT to formazan, as measured by the absorbance at 570 nm. VEGF also caused an increase in absorbance but to a much lesser extent. Figure 1 b shows that the pGlcNAc-dependent increase in absorbance was not correlated with increased cell numbers, as measured by direct cell counts after 48 h of treatment, compared to VEGF stimulation. Given that MTT conversion to formazan is largely controlled by mitochondrial reductases, this assay is a measurement of metabolic activity. To confirm that the nanofibers were indeed affecting metabolic rate, their effect on O 2 consumption, in real time, was measured using a Seahorse Biosciences respirometry instrument. The graph in figure 2 a shows that O 2 consumption rates increased upon the addition of sNAGs and increased markedly upon the addition of carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), a mitochondrial uncoupler used as a positive control. The average uncoupled O 2 consumption rates are shown in the graph in figure 2 b. These results suggest that sNAG treatment increases the metabolic rate and mitochondrial capacity of primary endothelial cells.
pGlcNAc Nanofibers Stimulate PGC-1 ␣ Expression via an Akt1-Dependent Pathway
Using gene array analyses, we assessed global changes in gene expression in response to sNAG treatment of HUVEC and could hereby demonstrate a marked increase in PGC-1 ␣ expression within 5 h of treatment. The PGC-1 ␣ transcription factor is considered a master regulator of mitochondrial function. Quantitative PCR confirmation of the microarray analysis is shown in figure  3 a. This increase in mRNA expression is also correlated to an increase in PGC-1 ␣ protein expression ( fig. 3 b) . Pharmacological inhibitors were used to determine the signaling pathway that controls PGC-1 ␣ expression. HUVEC were pretreated either with PD098059 to inhibit the MEK1/ERK pathway or with wortmannin to inhibit the PI3-kinase/Akt pathway. Figure 3 c and the quantitation in figure 3 d show that sNAG treatment causes an increase in the expression of PGC-1 ␣ transcript that is inhibited by blockade of the PI3K/Akt pathway.
To determine whether Akt was stimulated by sNAG treatment, HUVEC were treated with sNAGs and assessed for changes in the phosphorylation of Akt. The result ( fig. 4 a) was an increase in Akt phosphorylation. To determine whether sNAG treatment also resulted in a stimulation of Akt1 kinase activity, Akt1 was immunoprecipitated and tested for its ability to phosphorylate the exogenous substrate GSK ( fig. 4 b) . Increased p-GSK demonstrated that sNAG treatment increased Akt1 activity.
To confirm a role for Akt1 in the increased expression of PGC-1 ␣ , the knockdown of Akt1 was achieved using lentiviruses expressing Akt1 shRNA. The result was a reduction in the expression of PGC-1 ␣ ( fig. 4 c) . The effect on PGC-1 ␣ is specific to Akt1 as the knockdown of Akt3 did not cause a similar effect ( fig. 4 d) . These results suggest that the integrin activation of Akt1 results in increased PGC-1 ␣ expression.
Integrin Stimulation Results in an Increase in PGC-1 ␣ Expression and O 2 Consumption
These findings suggest that sNAG stimulation results in an activation of Akt1 leading to an increased expression of PGC-1 ␣ . Since sNAG treatment is known to bind to and activate integrin-mediated signaling, we tested whether itresulted in an association between ILK1 and Akt1. ILK1 is a downstream kinase of integrin ␤ 1, bind- ing to and activating Akt1 in response to integrin engagement [26] [27] [28] . To test whether sNAG treatment induces an association between Akt1 and ILK1, Western blot analyses were performed on ILK immunoprecipitations using antibodies directed against Akt1. sNAG treatment induced an association between Akt1 and ILK1 without affecting the expression level of ILK1 ( fig. 5 a) . These findings suggest that Akt1 activation by sNAG treatment is dependent on integrin signaling through ILK1. As discussed above, sNAG binds tightly to and activates integrins. To determine if the sNAG-dependent stimulation of PGC-1 ␣ expression is also integrin-dependent, blocking antibodies were used to disrupt integrinmediated signaling in endothelial cells. The effect of these antibodies on sNAG-induced PGC-1 ␣ expression was assessed by RT-PCR ( fig. 5 b) and Western blot analysis ( fig. 5 c) . Antibody blockade of either ␣ 5 ␤ 1 (CD49e) or ␤ 1 integrin resulted in the inhibition of pGlcNAc-induced PGC-1 ␣ expression, whereas treatment with an isotype control antibody did not, indicating the dependence on integrin-mediated signaling in the control of PGC-1 ␣ expression.
The Integrin-Dependent Akt1/PGC-1 ␣ Pathway Stimulates Fatty Acid Oxidation
To test whether the upregulation of PGC-1 ␣ correlated with increased mitochondrial biogenesis, changes in mitochondrial DNA content and changes in the expression of the mitochondrial-genome encoded gene, coxII, and the nuclear enome-encoded complex IV-associated protein, coxV1b, were assessed in response to sNAG treatment. The mitochondrial DNA content of the mitochondrial encoded gene coxI, as measured by PCR, remained unchanged in response to nanofiber treatment ( fig. 6 a) . Mitochondrial coxII mRNA expression remained unchanged in response to either nanofiber stimulation or to pharmacological inhibition ( fig. 6 b) . Western blot analysis of complex IV expression also showed no change in response to nanofiber treatment after 3 h of treatment, although there was a slightly decreased expression after 12 h ( fig. 6 c) . These findings suggest that integrin activation of PGC-1 ␣ does not stimulate mitochondrial biogenesis.
One downstream effect of PGC-1 ␣ activation is the regulation of the PDK, of which there are 4 isoforms (PDK1-4). PGC-1 ␣ stimulates the expression of PDKs which can inhibit the pyruvate dehydrogenase complex Western blot analysis of total protein isolated from serum-starved HUVEC treated with or without sNAGs (50 g/ml) and probed using an antibody directed against PGC-1 ␣ . c Serum-starved HUVEC were either pretreated with PD098059 (50 M ) or wortmannin (100 n M ) for 30 min prior to stimulation with sNAGs (50 g/ml) and assessed for PGC-1 ␣ expression by RT-PCR. The ribosomal protein subunit, S26, was used as a loading control. d Quantitative PCR of the pharmacological inhibitors (as in b ). These assays were repeated at least 3 times, each time in triplicate. C = sNAG-treated control; PD = pyruvate dehydrogenase; SS = serum-starved; WTM = wortmannin. via phosphorylation, thereby causing a switch from glucose utilization to fatty acid utilization. To test whether sNAG treatment modulates any of the 4 PDK isoforms, serum-starved HUVEC were stimulated with sNAG treatment and assessed for changes in PDK1-4 expression by RT-PCR; PDK4 was markedly upregulated ( fig. 6 d) , 2.5-fold, compared to the serum-starved control. This increased expression was blocked by infection with shRNA directed against Akt1 ( fig. 6 e) , indicating that this Akt1 pathway may control the expression of PDK4. It was also blocked by transfection of an RNAi directed against ILK1, confirming its role in the regulation of PDK4 expression upstream of Akt1. We also detected a slight increase in PDK2 expression (data not shown).
Given the role of PDK4 in the switch between glucose and fatty acid utilization, we tested whether the inhibition of O-carnitine palmitoyltransferase-1 (CPT-1) with etomoxir would block the increased O 2 consumption induced by nanofiber treatment. CPT-1 is associated with the outer mitochondrial membrane and mediates the transport of long-chain fatty acids into the mitochondria. Blockade of CPT-1 with etomoxir, a nonreversible, covalently binding inhibitor, blocks fatty acid transport resulting in a marked inhibition of fatty acid oxidation by the mitochondria. As shown in figure 7 a, the inhibition of long-chain fatty acid transport into the mitochondria with etomoxir attenuated the increase in O 2 consumption elicited by nanofiber treatment. To confirm that sNAG treatment results in increased fatty acid catabolism, serum-starved or sNAG-treated HUVEC were pulse-labeled with prior to stimulation with sNAGs (50 g/ml) and performed using primers directed against PGC-1 ␣ or S26 as an internal control. These assays were repeated at least 3 times. c Western blot analysis of PGC-1 ␣ in serum-starved (SS) cells pretreated with ␣ CD49 blocking antibody followed by treatment with sNAGs (50 g/ml). Similarly treated cells were also pretreated with an isotype control antibody followed by sNAG treatment. increased production of 3 HOH. To confirm that PDK4 is, at least in part, responsible for the increase in palmitate uptake, HUVEC were transfected with an RNAi directed against PDK4 and assessed for palmitate uptake in the presence of sNAGs. As shown in figure 7 c, PDK4 knockdown reduces the uptake of palmitate.
The findings presented suggest that integrin stimulation by sNAGs results in an ILK1/Akt1/PDK4 pathway that increases the utilization of fatty acids, thus increasing the energy supply. Our previous studies have shown that the primary effect of sNAG stimulation is an increase in cell motility. To test whether the PDK4 stimulation of fatty acid utilization results in increased cell motility, the effect of PDK4 knockdown was tested using transwell assays. As shown in figure 7 d, sNAG stimulation of HUVEC results in a 5-fold increase in cell migration and the blockade of PDK4 expression blunts this response.
Taken together, our findings suggest a model ( fig. 8 ) whereby sNAG stimulation of outside-in integrin signaling results in the ILK1 activation of Akt1. Increased Akt1 activation results in an upregulation of PGC-1 ␣ which controls the expression of PDK4. PDK4 is known to negatively regulate pyruvate dehydrogenase resulting in a switch from glucose utilization to fatty acid oxidation. Increased fatty acid oxidation would therefore compensate for the increased energy demand for such processes as cellular movement.
Discussion
We have previously found that, in the absence of any exogenous growth factors, sNAG treatment induces endothelial cell motility and in vitro angiogenesis. This effect is mediated by an induction of an integrin-depen- . sNAG stimulation increases PDK4 expression not mitochondrial biogenesis. a Total DNA was isolated from HUVEC either serum-starved or stimulated with sNAGs (50 g/ml) for 5 h and subjected to PCR using primers directed against the mitochondrial gene coxI. b Total RNA was isolated from serumstarved HUVEC stimulated with sNAGs (50 g/ml) with or without pretreatment with PD098059 (50 M ) or wortmannin (100 n M ) for 30 min and subjected to RT-PCR using primers directed against mitochondrial coxII. c Western blot analysis of coxV1b from total protein isolated from HUVEC serum-starved or stimulated with sNAGs (50 g/ml) for the times indicated. The PI3K p85 subunit is shown as a loading control. d Quantitative PCR of cells treated (as in c ) and assessed for PDK4 expression and expressed as relative to the internal control. e Total RNA isolated from HUVEC infected with either a scrambled control or Akt1 shRNA lentivirus followed by sNAG treatment assessed for PDK4 expression by RT-PCR. f Total RNA isolated from HUVEC transfected with either a scrambled control or ILK1 RNAi followed by sNAG treatment and assessed for PDK4 expression by RT-PCR. C = sNAG-treated control; SCR = scrambled control; SS = serumstarved; WTM = wortmannin. dent pathway [14] . We showed here that sNAG stimulation of HUVEC results in a marked increase in respiration in the absence of increased cell numbers. Gene array analyses have defined a potential regulation of PGC-1 ␣ expression in response to sNAG stimulation. We found that Akt1 exerts a positive control on the expression of PGC-1 ␣ and that the increased expression of PGC-1 ␣ results in an increased expression of PDK4. PDK4 is a known downstream target of PGC-1 ␣ and a potent regulator of the pyruvate dehydrogenase complex that controls the utilization of glucose and fatty acids [29, 30] . These findings suggest that the increased O 2 consumption elicited by nanofiber treatment may be due to increased fatty acid oxidation. To test this hypothesis, an O-carnitine pal mitoyltransferase-1 inhibitor (etomoxir) was used. We found that the sNAG-dependent increase in O 2 consumption arises from increased expression of PDK4 and a subsequent switch to fatty acid oxidation. Our findings suggest that increased oxygen consumption by sNAG-treated primary endothelial cells is due to the activation of an integrin/Akt1/ PGC1 ␣ pathway that modulates the expression of PDK4, leading to a switch from glucose utilization to fatty acid oxidation. Glucose is typically the major bioenergetic substrate for tissues in which it is used to derive ATP via glycolysis and the subsequent mitochondrial oxidation of pyruvate, and to derive ribose and NADH via the pentose phosphate pathway. Tissue with a high metabolic demand and sufficient O 2 will often show a preference for the utilization of free fatty acids because these have about twice the energy density of carbohydrates. However, fatty acid oxidation requires more O 2 per ATP produced than does glucose utilization via pyruvate oxidation. Thus, even with no increase in ATP turnover, a simple switch from predominately glucose to predominately fatty acid utilization will lead to an increase in respiration, as seen in sNAGactivated HUVEC. Highly anabolic processes such as the formation of new vasculature is inherently energy consuming. The findings presented here suggest that one activity of activated Akt1 is to increase cellular energetics, at least partly, through increased fatty acid utilization.
A highly pure and homogenous formulation of sNAGs isolated from a marine diatom is the active ingredient in several FDA-cleared products used clinically as hemostatic agents [8, 9, 31] , which cause the activation of platelets and red blood cells leading to the formation of a fibrin clot [32] . Importantly, platelet activation by sNAGs is mediated by their association with integrin ␤ 3 and activation of integrin-mediated signaling [11] . sNAGs have also been shown to be efficacious in the treatment of wounds [13] , resulting in the stimulation of integrin-mediated cell motility, increased in vitro angiogenesis and wound closure [14] . The effects of nanofiber treatment can be explained, at least in part, by an integrin-dependent regulation of cellular signaling, suggesting its use as a tool to dissect the molecular mechanisms regarding cell-cell and cell-matrix interactions. We show that the induction of PGC-1 ␣ expression in HUVEC is dependent on the sNAG stimulation of integrin and that this results in increased respiration. These findings support the idea that sNAGs activate integrin-mediated signaling; although this does not rule out the possibility of other levels of regulation. The exact mechanism by which sNAGs stimulate integrin has yet to be determined.
We have previously shown that Akt1 is a regulator of Ets1 expression in primary HUVEC and that this pathway is required for angiogenesis and branching morphogenesis in vivo [33] . Here we show that sNAG stimulation leads to the activation of Akt1 and that blockade of Akt1 by shRNA results in a reduction in the nanofiber-dependent stimulation of PGC-1 ␣ expression. Others have shown that PGC-1 ␣ transcription is regulated by CREB and the forkhead in rhabdomyosarcoma transcription factor [34] , both downstream effectors of Akt1 [35, 36] . Whether the Akt1/Ets1 pathway is also involved in the transcriptional regulation of PGC-1 ␣ remains to be determined.
Akt1 activation plays a central role in the control of integrin signaling in HUVEC, acting both upstream of integrin ␤ 3 in the regulation of cell motility and actin dynamics [37, 38] and downstream of integrin outside-in signal transduction via the activation of ILK [27] . In vivo, the absence of Akt1 results in impaired integrin activation in both endothelial cells and fibroblasts [39] . Our results suggest that the activation of integrin by sNAGs results in increased Akt1 activation via ILK1 and that this interaction leads to the regulation of PGC-1 ␣ and O 2 consumption in a pathway independent of other Akt family members. Given the potential energy requirements for integrin-dependent cellular processes such as cell motility, it is possible that integrin activation would result in increased metabolic capacity. Others have also shown that integrin-mediated signaling can affect mitochondrial function, such as increased reactive oxygen production. Such changes in mitochondrial function have been thought to be a prerequisite for further downstream events such as NF B activation and shape change. These processes are thought to be Rac1-dependent [40, 41] . Given a role for Akt1 in integrin/Rac1 signaling [42] [43] [44] , these pathways may be interconnected.
The Akt family of kinases is comprised of three highly homologous members; Akt1, 2 and 3 [45, 46] . Overexpression of constitutively activated forms of individual family members results in similar phenotypes in epithelial cells and in lymphoid cells [47] . Although this family of kinases is considered in part functionally redundant [48] , these three kinases have distinct functions in specific cell types [49] [50] [51] . Our findings suggest that different Akt family members act upon PGC-1 ␣ in both cellcontext and signal-dependent manners. We have shown, in primary endothelial cells, that Akt3 regulates PGC-1 ␣ nuclear/cytoplasmic transport and that the blockade of Akt3 results in a reduction in PGC-1 ␣ -dependent mitochondrial biogenesis [25] . Others have shown that, in the liver, direct phosphorylation of PGC-1 ␣ by Akt2 prevents recruitment of this coactivator to its associated promoters resulting in a downregulation of PGC-1 ␣ transcriptional activity. Akt3 as a downstream effector of VEGF in HUVEC results in PGC-1 ␣ nuclear accumulation and activation of its downstream targets (NRF-1, MCAD) [25] . Akt2 in the liver directly phosphorylates and inhibits PGC-1 ␣ in response to insulin-mediated signaling [52] . Here we show that integrin stimulation activates Akt1 and leads to an upregulation of PGC-1 ␣ expression and its downstream target, PDK4, in HUVEC. In primary endothelial cells then, two of the major functions of PGC-1 ␣ are differentially controlled by Akt1 and Akt3, Akt3 leading to mitochondrial biogenesis and Akt1 leading to fatty acid oxidation. Activation of either kinase in this cellular context results in increased PGC-1 ␣ activity either by increased expression (Akt1) or by increased nuclear accumulation (Akt3) [25] , each resulting in markedly different downstream effects. Given that we do not detect Akt2 expression in HUVEC, it still has to be determined whether insulin activation of Akt1 (or Akt3) compensates for Akt2 activity in this cell type. However, the effects of Akt3 on mitochondrial biogenesis are not compensated by Akt1. The blockade of Akt1 has little effect on mitochondrial biogenesis, only the blockade of Akt3 results in this phenotype [25] .
A hallmark of gene families is the ability for one member to compensate for another family member. However, conservation of different family members suggests independent function. This is the case with the Akt family and explains the mild phenotypes of the single knockout animals. However, as discussed, each Akt family member retains individual and specific functions. A full understanding of the mechanisms elicited by each Akt family member in the regulation of PGC-1 ␣ function has yet to be elucidated.
